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CHICK PROVISIONING AND CHICK GROWTH 
OF FULMARINE PETRELS IN THE ANTARCTIC
Jeroen C.S. Creuwels, Georg H. Engelhard and Jan A. van Franeker
ABSTRACT
Seabirds at high latitudes breed in environments with short, but highly productive, 
summers. Not many species can utilize these narrow windows of time to complete 
the full breeding cycle, but fulmarine petrels (Procellariiformes, Procellariidae) 
appear particularly well adapted because of a relatively short period in which they 
raise their chick. We developed an automatic weighing system with artiﬁcial nests 
to study food provisioning and chick growth. During three seasons (1997-1999), 
we collected data on chick provisioning of Southern Fulmars (Fulmarus glacialoides) 
and Antarctic Petrels (Thalassoica antarctica) on Ardery Island (66°S 110°E) near the 
Australian Antarctic station Casey. Although Southern Fulmars started breeding 
about 2.5 weeks later than Antarctic Petrels, both were similar in total duration of 
the breeding period (97 days) and in the diet they provide to their chicks. Southern 
Fulmars delivered meals to their chicks about every 14 hours, almost twice as frequent 
as Antarctic Petrels. Meal sizes varied between the seasons and species, and averaged 
from 111g to 152g. On average, Southern Fulmars delivered 240-265 gram per day 
to their chick, whereas Antarctic petrels delivered 122-140 gram per day. Southern 
Fulmars were delivering in a more pronounced bimodal distribution pattern and 
provisioned their chicks more during daylight than Antarctic Petrels. Antarctic 
Petrels did not compensate their lower chick-feeding rate through larger meals, but 
their prolonged foraging trips probably enable them to process more of the food 
into stomach oil and thus produce meals with a higher energy density. Furthermore, 
Southern Fulmar chicks need more energy for thermoregulation and are thus less 
efﬁcient in converting food into body mass.  By using a “double Gompertz growth 
model” we were able to investigate both chick growth until peak mass and mass 
recession until ﬂedging. We investigated the differences in growth between species 
and how the provisioning and growth parameters were correlated. The average peak 
mass of chicks was 140% of the mean adult mass in Southern Fulmars and 136% 
in Antarctic Petrels. At ﬂedging, Southern Fulmar chicks were on average 101.5% 
and Antarctic Petrels chicks 91.7% of the mean adult mass. In Southern Fulmars, the 
provisioning rate was positively correlated with growth rate, peak mass and ﬂedging 
mass, but in the Antarctic Petrel these correlations were not signiﬁcant, probably due 
to low samples size. The differences in chick provisioning ﬁt in the overall strategies 
of two related seabird species that have to adapt to conditions at opposite extremes 
of their main habitats.  
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INTRODUCTION
Seabirds provisioning their chicks are typical examples of central-place foragers. 
Procellariiform seabirds (albatrosses, petrels) are extreme examples with foraging 
trips that may cover more than 15,000 km during one trip or last up to 29 days 
(Hyrenbach et al. 2002, Weimerskirch & Cherel 1998, Klomp & Schultz 2000). It 
has long been assumed that the scattered and unpredictable availability of marine 
resources was responsible for a low chick provisioning rate and hence for the slow 
chick growth of pelagic seabirds (Ashmole 1971). Consequently, the accumulation 
of large amounts of adipose tissue in procellariiform chicks was explained as an 
insurance against periods with poor feeding conditions in which parents had low 
foraging success (Lack 1968). Currently, however, the relationship between chick 
development and the marine environment is thought to be more complex. Prolonged 
periods without parental provisioning are rarely encountered and the deposition 
of fat reserves greatly exceeds what is needed to withstand normal fasting periods 
(Ricklefs et al. 1980a, Granadeiro et al. 2000). Furthermore, food-rich areas prove to 
be rather predictable at meso- and larger scales (>100 km) due to oceanic features 
such as shelf edges, upwelling zones and sea-ice edges (Weimerskirch 2007). When 
provisioning chicks, most seabird species seem to commute in directed ﬂights. When 
arriving at the feeding grounds they slow down and start searching in restricted areas 
for patchy food sources (Weimerskirch 1998a). 
 Parents of long-lived species such as seabirds must balance their current 
reproductive efforts against their own survival and future reproductive output 
(Drent & Daan 1980, Stearns 1992). Thus the parental body condition seems the 
key factor in provisioning strategies (Weimerskirch 1998b, 1999). The trade-off of 
allocating limited food resources to either the chick or the adult is especially visible 
during the early chick period when at least one parent is guarding the young and 
the energetic demands of the parents could be high (Ricklefs 1990). This is probably 
why many procellariiform species adopted a dual foraging strategy, where parents 
alternate or mix short foraging trips with long trips (Chaurand & Weimerskirch 
1994, Weimerskirch et al. 1994, Baduini & Hyrenbach, 2003). Short foraging trips are 
used by parents to increase the feeding rate of the chick at the expense of their own 
body condition, whereas they may use long trips to recuperate and restore their own 
reserves. 
 The rate at which a chick is provisioned depends on the frequency and the 
quantity of the delivered meals. Pelagic seabirds foraging on distant food resources 
are supposed to try to maximize the efﬁciency of their provisioning efforts by reducing 
the commuting costs. For example, adults could forage closer to the colony or try to 
minimize the number of foraging trips and carry larger loads if this is not impairing 
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their ﬂying capacity and causing extra ﬂying costs. In various procellariiform studies, 
it has been shown that the feeding frequency rather than the meal size determines 
the overall chick provisioning rate (Ricklefs et al. 1985, Obst & Nagy 1993, Hamer 
& Hill 1997, Hamer & Thompson 1997, Huin et al. 2000, Hedd et al. 2002, Pinaud 
et al. 2005). Experimental studies in which the parents were handicapped generally 
resulted in reduced chick growth (Mauck & Grubb 1995, Weimerskirch et al. 2000a) 
which suggests that the food load can usually not be increased. The intra-speciﬁc 
variation in chick growth is generally found to be much smaller than the intra-speciﬁc 
variation in the chick-provisioning rate (Gray et al. 2005a), possibly because of internal 
constraints such as nutrient limitations or development of the gut-capacity (Ricklefs 
et al. 1998).
 Peak weight and maximum growth rate of a chick are often taken as a proxy 
for the entire individual growth trajectory, but it is not sure if these parameters reﬂect 
best the future survival chances. Procellariiform chicks show a typical growth curve 
in which some species could attain masses up to 200% of the parent weight, followed 
by a period in which weight recession occurs towards ﬂedging (Mauck & Ricklefs 
2005). Most procellariiform chicks would have difﬁculty to take off at times when they 
have attained their peak weight, even with full-grown ﬂight muscles and wings. In 
swifts, where chicks have a similar growth pattern, it has been shown that chicks try 
to achieve optimal wing loadings at ﬂedging (Wright et al. 2006). Thus, after reaching 
peak weight chicks need to lose weight and most of the weight loss in procellariiform 
chicks is probably determined by water loss, and not by metabolizing fat (Phillips & 
Hamer 1999). Chicks ﬁrst develop relatively heavy organs for processing food, blood 
circulation and thermoregulation, while later in the chick period, and especially after 
peak mass, more resources are allocated to developing fat reserves, pectoral muscles 
and ﬂight feathers. Chicks mass is declining towards ﬂedging because maturing 
organs lose water, some organs shrink in size, and parents are provisioning less food 
to their offspring (Ricklefs et al. 1980b, Phillips & Hamer 1999, Philips & Hamer 2000b, 
Reid et al. 2000, Gray & Hamer 2001, Mauck & Ricklefs 2005). Various explanations 
have been proposed why procellariiform chicks need to become so fat. The original 
explanation by Lack (1968) that chicks need a buffer for prolonged food interruptions 
could not be supported by evidence from ﬁeld studies. With the observed fat 
reserves, developing chicks could withstand extremely long fasting periods, which 
have hardly been detected in the ﬁeld (e.g. Ricklefs et al. 1985, Bolton 1995, Hamer 
et al. 1997). Therefore, other hypotheses for obesity have been proposed, such as 
fat reserves being an insurance against stochastic variability in chick provisioning 
(Ricklefs & Schew 1994), or sufﬁcient levels of some scarce nutrients could only be 
achieved when very large meals are delivered (Ricklefs 1979), or giving parents the 
opportunity to leave their chicks earlier (Brooke 1990) or giving chicks higher survival 
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chances after ﬂedging (Phillips & Hamer 1999). Generally, it has been shown that 
procellariiform chicks with higher ﬂedging weights survive better (Perrins et al. 1973, 
Sagar & Horning 1998).
 Within the order Procellariiformes, chicks of fulmarine petrels differ from 
other species in having nestling periods that are half the length as expected on basis 
of their size (Croxall & Gaston 1988, Warham 1990, Hodum 2002). This fast chick 
growth has been explained as an adaptation to their predominantly polar and sub-
polar distribution where summer seasons are short. Chicks need to grow as fast as 
physiologically possible in order to allow ﬂedging prior to the onset of bad weather 
and reforming sea ice late in the season. Antarctic waters potentially allow fast chick 
growth because they are highly productive in summer, providing abundant prey 
sources such as ﬁsh and krill (El–Sayed 1994, Knox 2007, Flores 2009).
 We examined chick provisioning and chick growth in two closely related 
Antarctic fulmarine species: the Southern Fulmar (Fulmarus glacialoides) and the 
Antarctic Petrel (Thalassoica antarctica). On Ardery Island, where we conducted this 
study, the chicks of both species receive a similar diet (Fig. 1, Van Franeker 2001). 
Further, both species are having a similar duration of their breeding periods (both 
species: 97 days from laying to ﬂedging) and a similar breeding success (Creuwels 
et al. 2008). However, they differ in the timing of breeding with Antarctic Petrels 
breeding up to 16 days earlier than Southern Fulmars, in chick provisioning rate 
and in body mass (Norman & Ward 1992, Van Franeker 2001, Creuwels et al. 2008). 
On Ardery Island, Southern Fulmars were weighing on average 800g and Antarctic 
Petrels 678g (Creuwels, unpublished). Fulmarine petrels have a survival rate of 96% 
and individuals may live up to 50 years or more (Warham 1996, Grosbois & Thompson 
2005). Both species are common seabirds in the Southern Ocean with estimated 
numbers of at least 1 million breeding pairs (Van Franeker et al. 1999, Creuwels et 
al. 2007). Their distribution is circumpolar in Antarctic and sub-Antarctic seas, with 
Southern Fulmars dispersing northerly to warmer waters up to 40°S in wintertime 
and  with Antarctic Petrels being more strictly conﬁned to the vicinity of the sea-ice 
zone year-round. 
 In this paper, we investigated whether the different timing of breeding affects 
chick growth of both species and how different provisioning rates affect the growth 
trajectories of the chicks. We used a growth model that was not only able to predict 
chick growth up to peak mass, but also accounted for the weight recession period. 
During three summer seasons, we used an automatic weighing system to record the 
size of the meals and the feeding frequency of Southern Fulmars and Antarctic Petrels. 
This is the ﬁrst study using an automatic weighing system in fulmarine petrels. First, 
we aimed at quantifying exactly the chick provisioning rate in both species and at 
collecting data on chick growth over the whole nestling period. We were especially 
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interested how Southern Fulmar chicks were able to  nish their development in time 
to  edge successfully, e.g. by faster growth or by adjusting their peak or  edging mass. 
Towards the end of the season, however, not only the weather conditions deteriorate 
for the chicks, but also for the foraging parents that face adverse conditions because 
day lengths are getting shorter and sea-ice is starting to reform. Next, we investigated 
whether the different timing of breeding in both species is in uencing the timing 
of meal deliveries, both during the day and during the whole season. Further, we 
investigated whether the various provisioning parameters are correlated with growth, 
both before peak mass of the chick and during the weight recession period after peak 
mass and whether these correlations were different between the species. Finally, we 
attempt to explain why provisioning rates of both species differ and if this can be 
related to interspeci c differences in chick growth or breeding phenology.
Figure 1. Chick diet on Ardery Island. Percentages denote reconstructed mass proportions 
of different prey groups in meals delivered to the chicks. On average, meals of both species 
consist for 80% or more of  sh (mainly Pleuragramma antarcticum, Antarctic silver sh). Data 
were obtained by stomach- ushing adults that reared chicks during Jan-Mar 1987 and 1991. For 
details see Van Franeker (2001).
METHODS
We studied Southern Fulmars and Antarctic Petrels on Ardery Island (66°22’S 
110°30’E), Vincennes Bay, Wilkes Land, Antarctica, 11 km South of the Australian 
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Other fish 6% 
Krill 13% 
Squid 7% 
Southern Fulmar (n=70) 
Pleuragramma  74% Pleuragramma  67% 
Other fish 15% 
Krill 10% 
Squid 7% Other 1% 
Antarctic Petrel (n=45) 
station Casey. We present data from ﬁeldwork during three austral summers, mainly 
during the chick periods: January - March 1997, 1998 and 1999. For each species, a 
study colony was established in breeding colonies at separate locations at the north 
coast of the island during the 1980s (Van Franeker et al. 1990, Creuwels et al. 2008). 
The Southern Fulmar study colony consisted of about 130 potential nest sites, but 
each season only 50-60% of the sites were active (i.e. containing an egg). The Antarctic 
Petrel study colony consisted of 100 potential nest sites, of which in 1996-97 30% were 
active and in the latter two seasons 54% contained an egg. 
 On the island, adults and chicks of four fulmarine petrel species have been 
ringed for monitoring studies. Individuals were marked in three different ways to 
allow individual recognition, using: 1) a metal band provided by the Australian Bird 
and Bat Banding Scheme (ABBBS), 2) a colourband with an engraved number, which 
enabled visual monitoring at a distance, and 3) an electronic tag (TIRIS transponder) 
implanted subcutaneously along the tibia. The transponder has a unique identiﬁer 
that can be detected by a handheld reader or by an automated detection system. In 
the Southern Fulmar colony the proportion of breeding birds with a transponder (and 
a colourband) was 61% in 1997, 70% in 1998 and 83% in 1999. In the Antarctic Petrel 
study colony 52% of the breeding birds in 1997 was electronically tagged and in the 
later two years 80% of the breeding population. When the birds were ringed, they 
were usually also measured and weighed.
Monitoring of nests 
In both study colonies, all nest sites were individually marked and checked in a daily 
routine, although occasionally the colonies could not be visited because of extreme 
weather conditions. All nests were approached closely to identify the attending bird(s) 
and to inspect the content (egg or chick present). If necessary, birds were gently lifted 
for this purpose by hand or with a small stick. Almost all birds were tolerant to this 
disturbance level without signs of stress or nest desertion. On average, Southern 
Fulmar chicks hatched on 26 January and ﬂedged on 17 March and Antarctic Petrel 
chicks hatched on 10 January and ﬂedged on 1 March. Continuous chick guarding 
ended on average for Southern Fulmars on 15 February and for Antarctic Petrels on 
26 January (Creuwels et al. 2008). As ﬂedging date we used the ﬁrst date that the 
chick had left the island as assessed after extensive searches of the area because chick 
increasingly wandered off their nest sites towards ﬂedging.
Automatic weighing- and identiﬁcation nest-system
An automatic weighing- and identiﬁcation nest-system (AWIN) has been developed 
for the purpose of this study. Artiﬁcial nest units were placed on the original nest sites 
in the colony and were easily accepted by the site-holding birds. These units contained 
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an automatic transponder reading system and an electronic weighing platform. Data 
on the weight of each nest and the presence of a transponder were recorded every 5-7 
minutes (more details on AWIN can be found in Creuwels et al. 2000). 
 During the chick periods of 1997, 1998 and 1999, there were respectively 20, 
26 and 17 nest units active in the Southern Fulmar colony, and 17, 17, and 16 in the 
Antarctic Petrel colony. Towards the end of the last two seasons, heavy snowfall made 
the nest data unreliable. When analyzing the ﬁrst season we included data until 18 
March 1997 but for 1998 we had to restrict data usage until 9 March and for 1999 
until 28 February. Only incidentally, nest were installed or relocated during breeding. 
Especially in 1997, when the breeding success was extremely low, 4 chicks on original 
nest sites were placed on artiﬁcial nests. Chicks were generally accepting these 
nests except for one chick that did not fully accept the nest but nevertheless ﬂedged 
successfully. In Fig. 2, an example is given of a typical output of an artiﬁcial nest 
during the chick period. To test whether chicks of artiﬁcial and control nests might 
differ in survival, we used a likelihood-ratio test (G-test) (Sokal & Rohlf, 1995).
Chick provisioning  Data collection
















Figure 2. Output of an artiﬁcial nest at Antarctic Petrel nest T012 during the chick season in 
1999. The tare weight (weight of the nest without parents and egg or chick) ﬂuctuated somewhat 
around 600 gram. Both parents received a transponder, but the chick did not. Thus when no 
transponder number was detected this could be because there was no parent present or the 
system was not able to read the number. The chick hatched on 12 Jan and ﬂedged on 2 Mar. The 
last meal was given on 22 Feb and none of the parents was seen after this date. Because snow 
accumulated quickly on 28 Feb (note rapid increase in absolute weight of the nest) we have no 
reliable data after that date. 
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delivered to the chick. A sudden weight increment of the chick is equal to the meal 
mass. Such ‘jumps’ in weight are only detectable when the chick is sitting on the 
nest, whereas the parent feeding it is standing besides it. Thus, we were not able to 
collect data on meal size during the ﬁrst few weeks after hatching, when parents 
continuously guard the chicks on the nest.
 After this guarding period, the chick was left alone for increasing lengths 
of time, and late in the season parents were often visiting the colonies only for short 
periods, just to provision the chicks. A sudden mass increment (>25g) between two 
weighings was considered a meal. Note that there is always a time lag between 
consecutive data points (from 5 minutes to several hours) and that chicks, owing to 
metabolism, lose weight at a rate of 10.13g/hour for Southern Fulmar and 5.37g/
hour for Antarctic Petrel chicks (Creuwels, unpublished data). We accounted for this 
weight loss when estimating each meal size. 
 Throughout the whole period we were able to collect data on the feeding 
frequency, as the nest system did allow us to detect when parents alternated their 
presence at the nest. Even when the parent had no transponder, or the transponder 
could not be detected, different adults could usually be distinguished by their different 
body masses. Arrival of a new adult was taken as the moment of meal delivery, unless 
nest data clearly showed that no meal was given at that time. Visual observations 
conﬁrmed that in most cases a meal was delivered right after the parent arrived. For 
examining whether meal deliveries occurred equally over the day and were related to 
ambient light conditions we used a chi-square test on the distribution of the delivery 
times. For light conditions we distinguished between daylight, civil twilight, nautical 
twilight and dark hours. Civil twilight commences in the morning when the center 
of sun is 6° below the horizon and ends at sunrise; it begins in the evening at sunset 
and ends when the sun is 6° below the horizon. Nautical twilight is when the sun is 
between 6° and 12° below the horizon. Reported time is Casey local time (GMT + 8 
hours). 
Analysis of chick provisioning
In order to reduce the large variation and overcome some gaps in the data, we 
aggregated data on chick provisioning and meal sizes into 5-day periods. For statistical 
analysis of differences in meal sizes, fasting intervals and provisioning rates we used 
linear mixed-effects models (ﬁtted using Restricted Maximum Likelihood). This 
allowed us to account for multiple measurements that were available for individual 
chicks, by treating these as random effects in the model. Exploratory analysis showed 
that provisioning parameters changed with the age of the growing chick (increase 
followed by decrease or vice versa). To test for non-linear relationships between 
chick age and provisioning parameters, we included both chick age and quadratic 
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chick age in the model. Fasting intervals showed a skewed distribution and hence 
were square-root transformed. Model selection was based on the Akaike Information 
Criterion (Crawley 2007).
Chick growth  Data collection
The group of weighed chicks included chicks from natural nest sites that were 
only manually weighed and chicks from arti cial nests that were both manually 
and automatically weighed. For recording chick growth, we used data collected by 
manually weighing chicks, which were, if possible, supplemented with data taken 
by the automatic weighing system. The motivation for using manual weighings was 
that although the arti cial nest system provided high-quality data on the size and 
frequency of the meals (which imply sudden weight changes), the system might 
have been less suitable for recording the growth of the chick itself owing to the slow 
and gradual nature of the weight change. In particular, snow, sand and stones could 
accumulate on the nest units, but could also disappear again. In either way these factors 
would in uence the tare weight and confound the weight measurements. During 
nest calibrations and at other moments when a chick was temporarily off the nest, 
its weight was accurately recorded. However, when parents were present on the nest 
(most evidently during the phase that chicks were continuously guarded), data on the 
weight of the chick alone could not be recorded, which prevented investigating chick 
growth early in the season. Therefore, we took regular manual weight measurements 
of chicks using small Pesola spring scales. On average, we weighed Southern Fulmar 
and Antarctic Petrel study chicks every 2 days. For some newborn chicks where no 
weight measure was taken within 2 days of hatching, we used the projected weight 
of the egg at hatching as initial weight (each egg was weighed 4-5 times during 
incubation). In 1997, we did not measure egg weights during the incubation and 
therefore we used the average value of these eggs in later seasons (82g). All chick 
weight data for 1998 and most for 1999 were collected by manually weighing chicks; 
most weight data for 1997 and some weight data for 1999 were extracted from the 
arti cial nest system dataset.
Estimating chick growth using the double Gompertz curve
Exploratory analysis of the growth data for chicks of both petrel species revealed that 
it could be described most appropriately by the ‘double Gompertz growth curve’ 
(Huin & Prince 2000). Therefore, growth curves of chicks were  tted applying equation 
(5) of Huin & Prince (2000), which is a combination of a ‘classic’ Gompertz curve 
representing the chick growth phase, and a negative Gompertz curve representing 
the weight loss phase that typically follows. The double Gompertz equation is as 
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follows:
W(t) = A exp[–exp(–k1(t–t1) –exp(k2(t–t2)]
where W(t) is weight at time t after hatching, k1 is a growth constant during the weight 
gain phase of the chick, and k2 is a weight loss constant during the weight loss phase. 
As pointed out by Huin & Prince (2000), the parameters t1 and t2 are akin to, but not 
equivalent to the times of growth in exion; and A is a weight scaling factor for the 
asymptote, but not equivalent to the asymptotic weight of the chick. 
 We used non-linear mixed effects models in the R package to estimate 
double Gompertz growth curves for Southern Fulmar and Antarctic Petrel chicks. 
Model selection was done by a comparison of the Akaike Information Criterion (AIC) 
between models. Only chicks with at least 5 weight measurements were included in 
curve  tting. All individual chicks were weighed repeatedly, hence random effects 
for each chick were accounted for when estimating the parameters A, k1, t1 and t2. 
No random effects on k2 could be included, owing to scarcer data for the weight 
loss phase. To avoid overparameterisation, not all  ve growth parameters could be 
estimated and a common k2 of 0.0572 was estimated for both species combined (model 
comparisons suggested no species difference in k2).
 To facilitate biological interpretation of the double Gompertz curves,  ve 
‘classical’ growth parameters were calculated for each chick, once the ‘best’ double 
Gompertz model was selected based on the AIC. These included (1) the age tmax at 
which the maximum weight is achieved, calculated using equation 6 of Huin & Prince 
(2000); (2) the maximum weight Wmax reached by the chick, calculated by solving 
the double Gompertz equation for the time tmax; (3) the growth rate, de ned as the 
mass gained divided by the time between 10% and 90% of tmax; (4) the  edging mass, 
calculated by solving the double Gompertz equation for the time of  edging; and 
(5) the mass loss rate, de ned as the mass lost divided by the time between age at 
peak mass and age at  edging. In addition, (6) the age at  edging was known from 
direct visual observations of chick presence on Ardery Island. We used conventional 
analysis of variance to test for species and seasonal differences in growth parameters 
(Huin & Prince 2000).
 The chick-provisioning rate is the total amount of food ingested by the chick 
per day, hence the sum of all meals of that day. When investigating the in uence 
of chick provisioning rate on chick growth, we used the provisioning rate prior to 
reaching peak mass, thus the average rate over the 30 days following hatching, for 
correlations with tmax, Wmax and chick growth rate. For correlations with  edging age 
and  edging mass, we used the chick provisioning rate over the whole chick period, 
which included provisioning after the chick had reached peak mass.
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RESULTS
Fledging success on artiﬁcial and control nests
We found no evidence that the artiﬁcial (AWIN) nests were affecting the birds 
negatively in terms of a lower breeding success. In total, 5 out of 6 Southern Fulmar 
chicks were successfully raised on artiﬁcial nests in 1997, 7 out of 8 chicks in 1998 and 
11 out of 13 chicks in 1999. The ﬂedging success, i.e. the proportion of ﬂedging chicks 
out of all chicks that hatched, was on average higher on the AWIN nests than on the 
control nests studied, although the difference was not signiﬁcant (Table 1). In the 
Antarctic Petrel colony no chick ﬂedged from any artiﬁcial nest in 1997 (and only one 
chick in the whole colony). In 1998, 4 out of 6 Antarctic Petrel chicks on AWIN nests 
ﬂedged, and in 1999 9 out of 11 chicks. Again, no differences in ﬂedging success could 
be shown between Antarctic Petrels on artiﬁcial and control nests (Table 1). 
Timing of meal deliveries 
Both species showed a bimodal pattern of meal deliveries over the course of the day, 
with a clear peak in the morning between 5:00 and 8:00 and a second smaller peak 
between 16:00 and 20:00 hours in Southern Fulmars (Fig. 3A) and between 18:00 
and 23:00 in Antarctic Petrels (Fig. 3B). The peaks in the meal delivery distributions 
were more obvious in Southern Fulmars than in Antarctic Petrels, which tended to 
distribute their feedings more equally over the course of the day. Considerably more 
meals were delivered during the peak in the morning (5:00 – 9:00) than during the 
evening peak (for Southern Fulmars 16:00 – 20:00 and for Antarctic Petrels 
year species number control  nests AWIN nests Difference
1997 Southern Fulmar 21* 43.8% (7/16) 80.0% (4/5) G=2.130 P=0.144
1998 Southern Fulmar 33 80.0% (20/25) 87.5% (7/8) G=0.245 P=0.621
1999 Southern Fulmar 62 57.1% (28/49) 84.6% (11/13) G=2.972 P=0.085
1997 Antarctic Petrel 2 50.0% (1/2) (0/0)
1998 Antarctic Petrel 26 70.0% (14/20) 66.7% (4/6) G=0.024 P=0.877
1999 Antarctic Petrel 45 64.7% (22/34) 81.8% (9/11) G=1.219 P=0.270
Table 1.  Comparison of ﬂedging success between artiﬁcial (AWIN) and control nests. Percentages 
of successful nests are given with sample sizes between parentheses (chicks ﬂedged/chicks 
hatched). G-test was used to examine for differences in ﬂedging success between artiﬁcial and 
control nests.
*One surviving chick has been excluded from analysis, because artiﬁcial nest of this chick was installed after the 
guarding period had ended
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Virtually no meals were delivered to chicks during darkness, only one by Southern 
Fulmars just past nautical twilight (0.1% of all deliveries) and none by Antarctic 
Petrels. Proportionally, Southern Fulmars delivered food more during daylight hours 
(91.3% of deliveries; Fig. 4A) than Antarctic Petrels (84.2%; Fig. 4B) re ecting the more 
equal distribution of chick feedings over the daily cycle in the latter species (Fig. 3).
Figure 3. Distribution of occurrences of meal deliveries of A) Southern Fulmars and B) Antarctic 
Petrels over each hour of the day. Bars show the frequencies by season, and the line indicates 
the running grand mean over all seasons.
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19:00 - 23:00), which was highly signi cant in both species (Southern Fulmars 2 = 
133.3, d.f. = 1, P < 0.0001 and for Antarctic Petrels 2 = 22.5, d.f. = 1, P < 0.0001). 
Southern Fulmars showed signi cant differences in distributions of meal deliveries 
between years (2 = 137.7, d.f. = 42, P < 0.0001). There was no evidence of such a 










































































































































































Figure 4. Timing of food delivery of A) Southern Fulmars and B) Antarctic Petrels over the 
course of the breeding period.  Symbols indicate meal deliveries by season. Differences in 
background shading indicate periods of daylight, civil twilight (CT), nautical twilight (NT) 
and darkness (DARK). The slightly curved line at midday indicates the timing of solar noon.
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There was intra-annual variation in meal deliveries, mirroring seasonal changes in 
daylight patterns. When considering only meal deliveries in the morning, Southern 
Fulmars tended to deliver their meals later as the season progressed, on average 
delaying these by approximately 2 minutes each day (linear regression, P < 0.001). 
No such delay was detected in Antarctic Petrels (P = 0.8). In the evening, Southern 
Fulmars on average advanced their deliveries by approximately 4 minutes per day as 
the season progressed (P < 0.001) and Antarctic petrels did so by 3 minutes per day 
(P = 0.02).
Chick provisioning 
In 1997, Southern Fulmars delivered on average meals of 154 ± 55 g (mean ± SD; n = 
237), of 127 ± 45 g (n = 281) in 1998, and of 123 ± 44 g (n = 184) in 1999 (Fig. 5A). In 
1997, meals were signi cantly larger than in 1998 (linear mixed model, accounting 
for individual effect: P = 0.012) and in 1999 (P = 0.020), but there was no difference 
between 1998 and 1999 (P = 0.9). Antarctic Petrels on average delivered meals of 111 
± 44 g (n = 83) in 1998 and of 152 ± 47 g in 1999 (n = 238) (Fig. 5B), a difference that 
was signi cant (linear mixed model: P = 0.004). Overall, Southern Fulmars delivered 
smaller meals (135 ± 50 g, representing 16.9% of the mean adult body mass) than 
Antarctic Petrels (142 ± 49 g representing 20.9% of the adult body mass).
We tested for species and seasonal differences in meal sizes. Meals of 
Southern Fulmars during 1998 and 1999 and meals of Antarctic Petrels in 1998 were 
of similar size (averaging 127g; linear mixed model, both factors species and season 
P > 0.2), but meals delivered by Antarctic Petrels in 1999 were signi cantly larger 
(on average 38g more, interaction species*season P = 0.012). Although meal sizes 
were highly variable, there was evidence that on average there was an increase in 
meal sizes until about the middle of the chick period followed by a decrease until 
the time of  edging. Average meal sizes delivered to Southern Fulmar chicks for the 
three seasons combined tended to be highest 25-35 days post-hatching (quadratic 
regression of chick age on meal size, effect of age: P < 0.0005; effect of age2: P < 0.0005). 
In Antarctic Petrel chicks, average meal sizes were highest 25-35 days post-hatching 
(quadratic regression, effect of age: P < 0.005; effect of age2: P < 0.005).
 On average, chicks of Southern Fulmars received approximately 1-2 meals 
per day, with a feeding frequency that was highest between 25 and 35 days post-
hatching (Fig. 5C). There was very little difference in feeding frequency between 
years. Consequently, the median fasting intervals of chicks were virtually identical 
during the three study seasons (median 14.4 hours in each season; n = 275 in 1997, n 
= 542 in 1998 and n = 383 in 1999; see Table 2), with no evidence of a year effect on 
fasting interval (linear mixed model on square-root transformed interval length, 
effect of season: P > 0.5). There was a signi cant quadratic relationship between chick 
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chick age (days) 
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Figure 5. Changes in meal mass (A, B), feeding frequency (C, D), and provisioning rate (E, 
F) over the course of the chick period in Southern Fulmars (left panels) and Antarctic Petrels 
(right panels). Symbols show the means (with SE) during ten 5-day periods after hatching, 
shown separately for each study season. No data on meal sizes and provisioning rate could be 
collected during the ﬁrst 10-15 days of the chicks when they were still brooded and guarded.
age and the duration of fasting intervals (effect of age: P < 0.0001; effect of age2: P < 
0.0001).
Chicks of Antarctic Petrels were fed less frequently and received 
approximately 0.5-1.5 meals per day, and also in this species the feeding frequency 
was highest between 15 and 25 days post-hatching (Fig. 5D). Average fasting intervals 
of Antarctic Petrels were almost twice as long as those in Southern Fulmars, with 
medians of 25.2 hours in 1998 (n = 146) and of 26.4 hours in 1999 (n = 295; Table 
2), a difference statistically highly signiﬁcant (linear mixed model on square-root 
transformed interval length, effect of species: P < 0.0001). As in Southern Fulmars, 
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there was no signiﬁcant season effect on interval length (linear mixed model on 
square-root transformed interval length, effect of season: P = 0.26). Likewise, there 
was a signiﬁcant quadratic relationship between chick age and the duration of fasting 
intervals (effect of age: P < 0.0001; effect of age2: P < 0.0001).
The artiﬁcial nest system provided also data on the last recorded meal 
delivery, and thus estimates for the fasting period until ﬂedging. In 1997, Southern 
Fulmar chicks fasted on average 2.6 days (SD = 0.8, n = 5) and for the other season 
there were no data available. Antarctic petrels fasted on average 6.5 days (SD = 2.6, n 
= 4) in 1998 and 8.9 days (SD = 2.9, n = 9) in 1999.
The similar meal sizes but clear differences in feeding frequencies between the two 
species resulted in marked differences in provisioning rates. On average, Southern 
Fulmars delivered nearly twice as much food per day to the chick (mean ± SD: 265 ± 
96 g/day in 1997, 240 ± 59 g/day in 1998 and 256 ± 61 g/day in 1999) when compared 
to Antarctic Petrels (122 ± 33 g/day in 1998 and 140 ± 52 g/day in 1999), a species 
difference that was highly signiﬁcant (linear mixed model, P < 0.0001). In both species, 
the provisioning rate increased until approximately 25-30 days post-hatching, then 
decreased again, so that there was a signiﬁcant quadratic relationship between chick 
age and provisioning rate (effect of age: P < 0.001; effect of age2: P < 0.0005). 
 In Southern Fulmars, the provisioning rates were signiﬁcantly higher in 
1997 than in 1998 (linear mixed model of season effect, 1997 vs. 1998, P < 0.05) but 
Southern Fulmar Antarctic Petrel
1997 1998 1999 1998 1999
0-5d 36.2 ±    1.9 (2) 27.7 ±   9.9 (9) 42.9 ±  12.7 (7) 77.2 ±  50.3 (4) 99.1 ±  34.6 (9)
  5-10d 18.5 ±    5.5 (3) 18.4 ±   4.7 (9) 21.1 ±    3.3 (7) 34.1 ±    3.3 (4) 53.7 ±  11.1 (9)
10-15d 14.4 ±    3.5 (4) 15.7 ±   4.0 (9) 16.8 ±    4.2 (7) 30.3 ±    3.2 (4) 35.6 ±  12.7 (9)
15-20d 14.5 ±    2.1 (5) 14.4 ±   2.9 (9) 14.7 ±    2.8 (7) 18.9 ±    2.6 (4) 26.6 ±    4.1 (9)
20-25d 14.1 ±    2.6 (5) 12.9 ±   2.1 (8) 14.9 ±    4.5 (7) 19.0 ±    5.5 (4) 23.0 ±    6.4 (9)
25-30d 14.8 ±    6.3 (5) 12.2 ±   3.0 (8) 11.6 ±    3.3 (7) 22.1 ±    6.0 (4) 24.8 ±    5.1 (9)
30-35d 13.6 ±    4.4 (5) 13.6 ±   5.5 (8) 11.5 ±    1.3 (6) 28.4 ±    7.3 (3) 29.4 ±    8.2 (9)
35-40d 12.5 ±    3.3 (4) 13.9 ±   3.9 (8) 14.2 ±    8.8 (4) 26.8 ±    0.1 (2) 27.1 ±    9.8 (8)
40-45d 17.1 ±    6.9 (5) 16.4 ±   4.4 (4) 22.9 ±  13.0 (2) 31.1 ±  14.6 (6)
45-50d 28.1 ±  15.7 (4) 67.7             (1) 45.3              (1)
50-55d 16.5 ±  15.3 (2)
average 17.1 ±   8.5(44) 16.3 ±  6.7(72) 18.8 ± 11.5(52) 33.1 ± 25.1(32) 39.5 ±  27.3(78)
Table 2. Overview of the fasting intervals in hours. Data show the grand means (± SD) of 5-day 
averages per individual chick. The number of chicks is given between parentheses.
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at intermediate levels in 1999 (1999 vs. 1997, P = 0.11; 1999 vs. 1998, P = 0.71). In 
Antarctic Petrels there was some evidence that the provisioning rate was higher in 
1999 than in 1998 (by on average 18g per day). Although the effect of season per se 
was statistically signiﬁcant (P = 0.11), a linear mixed model that included season as a 
factor performed signiﬁcantly better based on the Akaike and Bayesian Information 
Criteria (AIC = 789.10, BIC = 802.76) than a similar model that excluded season (AIC 
= 796.75, BIC = 808.20).
Chick growth
Chick growth in both species followed the typical procellariiform pattern, well 
described by a double Gompertz curve (Fig. 6): initially fast growth until reaching a 
plateau at around 30-35 days, followed by a period of weight loss until ﬂedging. A 
range of non-linear mixed effects models with a double Gompertz model incorporated 
was examined describing growth for both species combined; amongst these, the ‘best’ 
model (based on AIC) included species differences in the following coefﬁcients of 
the model: k1 (P = 0.0145), t1 (P < 0.0001) and  t2 (P < 0.0001), but indicated no species 
difference in A (P > 0.7 if species effect on A added to ﬁnal model) or in k2 (P = 0.18 if 
species effect on k2 added).
 The calculated parameters chick growth rate, age at peak mass, peak mass, 
mass loss rate, age at ﬂedging, and weight at ﬂedging for each year and species are 
shown in Table 3. Southern Fulmar chicks grew faster (by 4.65 g/day, P < 0.0001) and 
reached higher peak masses (199g heavier, P < 0.0001) at a later age (1.74 days later, P 
< 0.0005) than Antarctic Petrels. The mean peak masses constituted up to 140% of the 
mean adult mass in Southern Fulmars and 136% of the mean adult mass in Antarctic 
Petrels. After reaching peak mass, chicks of both species lost weight at approximately 
equal rates (about 20−21g/day, P = 0.68). Southern Fulmar chicks ﬂedged at a later 
age (by 2.0 days, P < 0.0001) and at a higher mass (190g heavier, P < 0.0001) than 
Antarctic Petrel chicks.  At ﬂedging, Southern Fulmar chicks were on average 101.5% 
and Antarctic Petrels chicks 91.7% of the mean adult mass.
 In our sample of Southern Fulmar chicks, we found no evidence of any year 
effects on either the growth rate (P > 0.3), age at peak mass (P > 0.1), peak mass (P > 
0.28), mass loss rate (P > 0.3) or ﬂedging mass (P > 0.5). However, the chicks ﬂedged 
at a signiﬁcantly younger age in 1999 than in 1997 (by 1.5 days, P = 0.029) and in 1998 
(by 1.3 days, P = 0.0068), although there was no difference in ﬂedging age between 
1997 and 1998 (P > 0.7).
 In contrast, in 1999 Antarctic Petrel chicks ﬂedged at signiﬁcantly later age 
than in 1998 (by 1.65 days, P = 0.0068). Also for this species, no signiﬁcant year effects 
on any of the other growth parameters were found (peak mass, P = 0.2; mass loss rate, 
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Figure 6. Chick growth in Southern Fulmar (A-C) and Antarctic Petrels (D-E). For each season 
all weight measurements and numbers of measured chicks are given. The lines represent the 







































































































































































































































































































































































































































































































































































slower growth rate (P = 0.051) in 1999 than in 1998, associated with a peak age reached 
somewhat later (P = 0.075).
Chick growth in relation to provisioning rate
Data on provisioning rate as well as growth were available for a total of 21 Southern 
Fulmar chicks. Chick growth rate was signiﬁcantly correlated with the provisioning 
rate (Pearson’s correlation; r = 0.713, P = 0.0009; Fig. 7A), and so was the peak mass 
of chicks (r = 0.678, P = 0.0020; Fig. 7E). The age at peak mass was not correlated with 
provisioning rate (r = 0.126, P = 0.618; Fig. 7C). Linear regression showed that an 
increase in provisioning rate of 100g/day corresponded with an increase in growth 
rate of 7.7g/day and, consequently, a higher peak mass with chicks being 272g 
heavier. 
The provisioning rate for the whole chick period was not correlated to the 
mass loss rate (r = 0.244, P = 0.400), neither to the age at ﬂedging (r = −0.228, P = 
0.433; Fig. 7G). There was, however, a correlation with the ﬂedging mass (r = 0.557, 
P = 0.048; Fig. 7I): an increase in provisioning rate of 100 g/day corresponded with a 
212g heavier ﬂedging mass.
 In Antarctic Petrels, none of the above correlations between provisioning 
rate and chick growth was found to be signiﬁcant, but the small sample size (n = 
13) of chicks with both provisioning and growth data should be considered. The 
provisioning rate was not correlated with growth rate (r = 0.281, P = 0.353), peak 
age (r = 0.112, P = 0.717), or peak mass (r = 0.473, P = 0.102; Fig. 7B,D,F). Nor was the 
provisioning rate during the 50 days following hatching correlated with mass loss 
rate (r = −0.232, P = 0.446), ﬂedging age (r = 0.339, P = 0.257), or ﬂedging mass (r = 
0.263, P = 0.385; Fig. 7H,J) of Antarctic Petrels.
There was a signiﬁcant difference in the efﬁciency of mass transfer from food 
delivered each day to the mass gained by the chick between the two species (Fig. 8). 
Southern Fulmar chicks, on average, gained 0.127 ± 0.003 g (n = 18) for every g of food 
delivered, whereas Antarctic petrel chicks gained 0.198 ± 0.008 g (n = 13) for every g 
of food delivered (linear model, t = 9.373, P < 0.00001). Thus, mass transfer efﬁciency 
in Antarctic Petrels was almost 1.56 times higher than in Southern Fulmars. Within 
either species, we detected no signiﬁcant difference between years in mass transfer 
efﬁciency (linear model, effect of season in Southern Fulmars: t = 1.086, P = 0.294; in 
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Figure 7. Relationships between average chick provisioning rate and chick growth rate (A, B), 
age at peak mass(C, D), peak mass (E, F), ﬂedging age (G, H) and ﬂedging mass (I, J), for South-
ern Fulmars (left panels) and Antarctic Petrels (right panels). Signiﬁcant regression lines are 
shown and symbols are coded by season (see legend). In A-F, provisioning rate is averaged over 
the 30 days after hatching and prior to age at peak mass; in G-J, provisioning rate represents the 























Figure 8. Efﬁciency of mass transfer expressed as gram of chick growth per day for each gram of 





The artiﬁcial nest system we used on Ardery Island gave a useful insight in the 
provisioning ecology of two Antarctic fulmarine petrel species and did not have a 
negative effect on the survival of their chicks. The generally higher survival rates of 
chicks on artiﬁcial nests maybe were related to a non-random position of the artiﬁcial 
nests in the colony. Because we had only a limited number of nest units available, we 
tended to select sites in the colony with a high chance of eggs being laid and chicks 
being raised. During the ﬁrst season 4 nest units were relocated and installed on sites 
with a chick, which explains the large, but not signiﬁcant difference between chicks 
from control nests and artiﬁcial nests. In the last season, however, there was a nearly 
signiﬁcant difference, but in this season artiﬁcial nests were not relocated.
The most obvious difference in chick provisioning between the studied 
species was the feeding frequency and thus the total mass of food that parents were 
bringing to their young. Southern Fulmars chicks received almost twice as many 
meals, and almost twice as much food per day, as Antarctic Petrel chicks. The total 
chick provisioning rates we found in this study appeared to be much higher than 
other studies. For example, at Svarthamaren, an Antarctic Petrel colony situated more 
than 200 kilometers inland, mean meal size (146g) was similar, but the estimated 
provisioning rate of 90g/day seemed much lower than on Ardery Island (Lorentsen 
1996, Fig. 5 in this study). However, this low value can be explained by differences in 
calculating the provisioning rate. When we ignore the intra-seasonal variation, and 
use mean values for meal size and feeding frequency (Table 2), we arrive at very 
similar estimates for Antarctic Petrels at Ardery Island: 80g/day in 1998 and 92g/
day in 1999.
Within each season, both meal sizes and fasting intervals varied much, 
which may indicate that both species are rather ﬂexible in their foraging strategy. 
Such ﬂexibility is not expected if there is a high need of optimizing the ﬂight loads. 
For example, closely related Northern Fulmars foraging in areas with high food 
availability are - instead of maximizing their meal sizes (on average 13% of their 
adult body mass) -, adjusting their feeding rates to increase chick provisioning, even 
when food abundance is temporarily lower (Phillips & Hamer et al. 1997, Hamer & 
Thompson 1997, Phillips & Hamer 2000a, Gray et al. 2005b). In this species, chick 
provisioning rates were lower (at peak delivery around 160g/day) than those for 
Southern Fulmars, but the northern sibling species is slightly smaller in size and 
chicks take at least 5 days longer to ﬂedge (Mougin 1967, Phillips & Hamer 2000a, 
Gray et al. 2005b). 
 Between years, mean meal sizes varied considerably, but the observed 
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differences were different in each species. The larger meal sizes in 1997 for Southern 
Fulmars could be related to exceptional conditions in the colony in the beginning of 
that season. Breeding success was extremely low due to high snow cover in the colony 
and high egg predation by South Polar Skuas Catharacta maccormicki (Van Franeker 
et al. 2001). It is possible that the parents of the surviving chicks in the colony were 
breeding pairs holding good locations in the colony and having a good condition and 
therefore able to provide larger meals to their offspring. Because the feeding rates of 
Southern Fulmars were not different between the three seasons, the larger meal sizes 
in 1997 probably indicated that they were more successful in ﬁnding food in this year. 
For Antarctic Petrels, the smaller meal sizes in 1998 in comparison to 1999 were partly 
compensated by higher feeding rates, causing only a small difference in the overall 
provisioning rate between the seasons.
Southern Fulmars brought relatively lighter meals (17% of mean adult body 
mass) in comparison to Antarctic Petrels (21%), but these results are well within 
the range of other procellariiformes of similar size (Phillips & Hamer 2000a). The 
difference between Southern Fulmars and Antarctic Petrels could not be explained 
by differences in food composition, because the diets of chicks of both species are 
similar at Ardery Island (Van Franeker 2001). Furthermore, we have no indications 
that differences in morphology or ﬂight capabilities were causing different chick 
provisioning rates. For specimens we collected on Ardery Island the wing loading 
appeared to be similar between both species (Dijkstra 2003).
 Unfortunately, we were not able to analyze the provisioning patterns at the 
individual level of the parents, because our system was not always able to read the 
transponder at each parental visit. Especially in the post-guarding period, when 
parents usually stayed near their nests for short periods, we were often unable to read 
the transponder of the parent delivering a meal. We found a unimodal distribution 
in fasting intervals which is normal for medium-sized petrels with relatively high 
feeding frequencies (Baduini & Hyrenbach 2003). 
Diurnal patterns in meal delivery
Meal delivery occurred mostly during the day, although Southern Fulmars were 
more strict daylight provisioners than Antarctic Petrels, which delivered their meals 
more equally distributed over the day. The dark hours, when the sun was more than 
12 degrees below the horizon, started in the second half of February when Antarctic 
Petrel delivered their last meals, and were avoided by Southern Fulmars by timing 
their meals later in the morning and earlier in the afternoon as the season progressed. 
In this study we show that chicks of both species were mostly fed during the morning, 
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to a lesser extent during afternoon/evening and rarely overnight. Similar diurnal 
patterns in provisioning have been observed in Shy Albatrosses Thalassarche cauta 
(Hedd et al. 2002) and in Northern Fulmars (Hamer & Thompson 1997, Philips & 
Hamer 2000a). For high Arctic Northern Fulmars, Weimerskirch et al. (2001) observed 
also peaks in delivery in the morning and evening for males, but, interestingly, not 
for females. 
Both species have a peak in meal delivery during the morning and a somewhat 
lower peak during the evening (Fig. 3). The more pronounced bimodal foraging 
pattern in Southern Fulmars could be related to their higher feeding frequency, which 
was averaging to up to 1.5 - 2 meals per day for chicks older than 10 days, whereas 
Antarctic Petrels delivered about 1 meal per day. Possibly due to the shorter foraging 
trips Southern Fulmars have less variation in the return times and less variability 
in fasting intervals (coefﬁcients of variation ranging from 41% to 61%, Table 2) than 
Antarctic Petrels with CVs of 69-75%. The longer and more variable foraging trips of 
Antarctic Petrels may explain their more equal distribution of meal deliveries over 
the day. Furthermore, Southern Fulmar parents might be more constrained during 
the day because they attend their chicks for longer, even after the post-guarding 
period (Creuwels et al. 2008). 
In the literature, there is still considerable debate to what extent procellariiform 
birds forage during the night. Actual observations on nocturnal foraging are scarce. 
For example, Harper (1987) found that 13 petrel species (out of 20) were feeding at 
night, of which 5 species exclusively so. Fulmarine petrels were predominantly feeding 
during the day, but unfortunately the observations of Harper (1987) did not include 
Southern Fulmars or Antarctic Petrels. In the Ross Sea, peaks of foraging by ﬂying 
seabirds which did include Southern Fulmars or Antarctic Petrels (but observations 
were not speciﬁed per species) were seen between 6-11 hours in the morning and 18-
23 in the evening (Ainley et al. 1984). This periodicity of feeding activities occurred 
despite long day lengths and relatively equal light conditions because of an almost 
always overcast weather type. Southern Fulmar chicks on Ardery Island were 
regularly observed being unattended at night, which may suggest a preference for 
nocturnal feeding of the adults (Van Franeker 2001, Creuwels pers. obs.). Because 
Southern Fulmars probably have feeding grounds closer to the breeding grounds, 
they might be able to perform additional feeding activities before the dark hours and 
return to feed their chicks. 
It is not fully clear whether both species avoid nocturnal food deliveries 
to their chicks in the colony because it is more dangerous to land in the colony at 
darkness, or that they would like to proﬁt from vertical migration of prey species 
which are getting closer to the surface at night. It is possible that birds that arrive back 
to the colonies during darkness wait at sea until more light is available to land in the 
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colony. Procellariiformes are well adapted to ﬂying of long stretches over sea, but they 
do have problems when returning to their nests on the cliffs. All medium and larger-
sized species have high wing loadings and high ﬂight speeds and thus have difﬁculty 
with landing. When returning to the colonies, Southern Fulmars and Antarctic Petrels 
regularly ﬂew repeatedly with high speed just over their own nest site apparently for 
ﬁne-tuning and assessing their stalling and their landing procedures. Despite these 
exploration ﬂights adults, especially of Southern Fulmars, were still regularly crash-
landing somewhere in the colony and making somersaults, not always close to their 
own nest sites.
Growth parameters
The high chick provisioning rates as we found in this study demonstrate that the 
chicks were supplied with sufﬁcient food to enable rapid chick growth, which 
also has been suggested for both species at other locations (Weimerskirch 1990a,b, 
Hodum & Weathers 2003). Chicks of Antarctic fulmarine petrels show exceptionally 
rapid chick growth and various studies showed that growth constants as calculated 
in logistic growth models were among the highest values within the order of the 
Procellariiformes (Warham 1990, Starck & Ricklefs 1998, Hodum 1999). In this study, 
we used a different measure and followed Huin & Prince (2000) to estimate linear 
chick growth. On Ardery Island, chicks grew 34g/day in Southern Fulmars and 
30g/day in Antarctic Petrels, and these values were somewhat lower than values of 
both species at Rauer Islands (43g/day respectively 34g/day, Hodum 1999). Hodum 
(1999) pointed out that these growth rates deviate enormously (two times or more 
than predicted) from the regression of growth rate against adult mass in 27 species 
of procellariiformes (Croxall & Gaston 1988). Antarctic Petrels at Svarthamaren, 
however, showed a much slower linear chick growth of 19.3g/day which could be 
related to the harsh weather conditions far inland on the Antarctic continent. Here, 
chicks attained lower peak masses and probably take longer to ﬂedge at this locality: 
35-37 days old chicks were still showing positive growth and weighing on average 
100-200g less than chicks of similar age in colonies along the Antarctic coast (Lorentsen 
1996, Hodum 1999, this study)
On Ardery Island, Southern Fulmar chicks ﬂedged when they were 2 
days older than Antarctic Petrel chicks and this age difference was less than on the 
Rauer Islands (4 days), mainly because of the compressed chick periods of Southern 
Fulmars on Ardery Island, especially in 1999 (Hodum 2002, Creuwels et al. 2008, this 
study). Why the chick periods were reduced during the last season is not fully clear. 
Chicks that survived in this season, hatched on average 1.4 days earlier, but there 
was no relationship between hatching date and the length of the chick period in the 
three seasons. Until 1 March 1999, chick survival was extremely high until the heavy 
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snowfall buried many chicks under a deep layer of snow, and deprived them of being 
fed for 1-2 weeks. Normally parents are able to dig their chick out of snow within a 
few days and able to continue to feed them. The build-up of snow in March 1999 was 
extreme at certain places. Some adults were digging a lot around their nest but still 
could not ﬁnd their chick back. More successful parents made a snow cave to be able 
to feed their chicks, but this happened in this season often after many days. Early 
hatched chicks might have been able to build up more body reserves to withstand the 
starvation. The surviving chicks lost weight at a lower rate and ﬂedged heavier in the 
1999 season (Table 3) than in other years. 
In contrast, the ﬂedging period of Antarctic petrels was longer in 1999 
than in 1998. Again various explanations are plausible. First, chick growth might be 
slower, because in 1999 there were more successful breeding pairs, possibly including 
pairs with little breeding experience or ‘low-quality’ individuals. This could be the 
reason why peak mass was reduced and reached later in this season (Table 3). The 
weight recession period was equal to that in 1998 and did not contribute to a longer 
chick period. Second, the deteriorated weather conditions late in the season may 
have inﬂuenced individual chicks to delay their ﬂedging. On average, chicks ﬂedge 
around 1 March, but they ﬂedged signiﬁcantly later in 1999 because the ﬁrst snow 
showers had just started at this time (Creuwels et al. 2008).
Southern Fulmars were ﬂedging relatively heavier (102% of adult mass) than 
Antarctic Petrels (92% of adult mass), although the weight loss rate after peak mass 
(20-21g/day) as well as the mass recession period (15 days) was similar between the 
species. When considering differences in maximum weight, Southern Fulmar chicks 
lost weight at a rate of 1.9% and Antarctic Petrels at a rate of2.2% of the peak mass 
per day. This relatively higher weight loss could partly be explained by the lower 
provisioning rate of Antarctic Petrels late in the season and the fact that they leave 
their chicks at an earlier stage in the breeding season. Antarctic Petrels appeared to 
desert their chicks at about 8 days before ﬂedging, whereas Southern Fulmars deserted 
their offspring on average probably 2-3 day before the chicks ﬁnally ﬂew off. On the 
Rauer Islands, Southern Fulmar chicks ﬂedged on average with a weight of 91-97% of 
adult mass, and Antarctic Petrels at 84-89% of adult mass (Hodum 1999).
Since the publication of the “Double Gompertz curve” by Huin & Prince 
(2000) the equation has still been hardly used, despite the possibility of modeling 
chick weight loss after peak mass. Furthermore, it does not require to truncate the 
growth data at an arbitrary chick age or to deﬁne assumptions on the asymptotic 
weight of the chick. Browsing the literature on procellariiform chick growth we found 
only studies by Silva et al. (2007) and Copello & Quintana (2009), but unfortunately 
they did not mention how well the curves ﬁtted the data. Terauds & Gales (2006) 
mentioned that they were not able to use this model to describe albatross chick 
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growth due to poor ﬁt of the growth trajectories. The model has ﬁve parameters, and 
as a drawback it requires relatively many data per individual chick growth curve. 
In our study, however, which focused on species differences, we incorporated this 
model in non-linear mixed models, which enabled us to analyze chick growth even 
of nests with relatively few data points.
  
Provisioning inﬂuencing chick growth
As a general rule, one could expect that chicks that receive more food grow faster, as 
shown in Antarctic Petrels (Lorentsen 1996). However, in this study we found such a 
signiﬁcant relationship only for Southern Fulmars, but not in Antarctic Petrels (Fig. 
7). The four nests in 1998 showed even a somewhat negative trend between growth 
and provisioning, for which we have no explanation. Other studies examining the 
relationship between growth and provisioning of individual chicks showed no effect 
(Weimerskirch et al. 2000b, Hedd et al. 2002), although Huin et al. (2000) were able to 
show a positive effect.
Consequently, we found that the provisioning rate was affecting both 
peak mass and ﬂedging mass in Southern Fulmars, but not in Antarctic Petrels. In 
both species there were no correlations of provisioning with age at peak mass or 
age at ﬂedging. This was not surprising because the timing of the breeding events 
is highly synchronous in Antarctic fulmarine petrels. Due to the strong correlation 
between actual date and chick age there was little variation in age at peak mass or 
age at ﬂedging, as reﬂected in the low standard errors in Table 3, which may reduce 
the possibility to detect correlations. When testing the ﬂedging parameters for 
correlations with provisioning during the ﬁrst 30 days, we found similar correlations 
as presented. 
For the general absence of signiﬁcant correlations between provisioning and 
weight and growth parameters in Antarctic Petrels, we refer to the low sample size. 
The relationship between provisioning and growth is affected by a suite of parameters, 
including meteorological conditions, individual qualities of the parents, availability 
and quality of the food resources. Furthermore, internal factors of the chick, such 
as development of gut and other organs and tissues, thermoregulatory capabilities 
and structural size would be expected to inﬂuence the observed individual growth 
trajectories (Ricklefs et al. 1998). 
Efﬁciency of food conversion
This study showed that Southern Fulmars were provisioning their chicks with 82-
96% more food mass than Antarctic Petrels, which is a difference of about 100g food 
per day. This is much more than we can explain by their difference in their body size 
alone: Southern Fulmars adults appeared to be about 18% heavier and their chicks 
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at their peak mass about 22% heavier than Antarctic Petrels. During the period of 
positive chick growth, one gram of food delivered per day resulted in 0.13g chick 
mass added per day in Southern Fulmar and 0.20g per day in Antarctic Petrel. Such a 
difference could be the result from a higher efﬁciency in food conversion in Antarctic 
Petrel chicks or from higher quality of the food supplied by the adult Antarctic 
Petrels.  
Concerning the aspect of efﬁciency of converting food to body mass, Hodum 
(1999), Weathers et al. (2000) and Hodum & Weathers (2003) showed that Southern 
Fulmar chicks are less well insulated, have a higher metabolic rate and spend more 
energy on thermoregulation. Based on their calculations, Southern Fulmar chicks 
need, per gram of their ﬂedging mass, 17% more energy than chicks of the Antarctic 
Petrels. Thus, Southern Fulmars simply do need more food. 
 Also the possible effect of parents delivering food of different quality to their 
chicks should be considered. The chick provisioning rate does not take into account 
differences in prey species and digestibility and caloric value of the food. Earlier we 
concluded that prey composition of meals delivered to their chicks is similar (Fig. 1). 
However, although we have no quantitative data, Southern Fulmars brought much 
fresher meals containing lower quantities of stomach oil to their chicks (Norman & 
Ward 1992, Van Franeker 2001). All procellariiformes with the exception of diving 
petrels (Pelecanoididae) have the capacity to form energy-rich stomach oil which is 
derived from their food and which reduces commuting costs considerably (Warham 
1990, Roby et al. 1997, Obst & Nagy 1993). Processing of the food and producing 
stomach oil needs time and various studies show more digested food and higher 
content of stomach after long trips, e.g. in species with a dual foraging strategy 
(Chaurand & Weimerskirch 1994, Weimerskirch & Cherel 1998, Cherel et al. 2002. 
In this study we compared species with a similar diet, but with clearly different 
provisioning strategies. The average chick feeding rate of Southern Fulmars was 
twice that of Antarctic Petrels, thus one could expect differences in the amount of 
processed food and hence, the energy density of the delivered meals. Antarctic Petrels 
of Ardery Island make longer foraging trips than Southern Fulmars, because detailed 
differences in prey composition point to more pelagic foraging areas in this species 
(Van Franeker 2001). Although we have no direct measurements of the energy contents 
of chick meals, we hypothesize that Antarctic Petrels enhance the quality of the food 
by increasing the proportion of stomach oil and lowering the water content. 
Concluding remarks
Coastal Antarctica, where we conducted this study, is the southern limit of the 
breeding distribution of Southern Fulmars (Creuwels et al. 2007) and the northern 
limit of Antarctic Petrel breeding distribution (Van Franeker et al. 1999). Most Antarctic 
76
77
Petrel colonies are situated inland where they breed in harsh conditions at longer 
distances from the feeding grounds, which could be the reason why inland chicks 
were growing slower (Lorentsen 1996) than along the coast of Antarctica (Hodum 
1999, this study). For Southern Fulmars however, it is the other way around, and they 
typically breed under warmer conditions, probably closer to the sea and possibly 
have easier access to food resources (Creuwels et al. 2007, 2008). On Ardery Island, 
Southern Fulmars may have to maximize their feeding rate in order to provide their 
chicks with sufﬁcient energy to withstand the colder conditions. 
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